Background--Although admission heart rate predicts higher mortality after acute myocardial infarction (AMI), less is known about discharge heart rate. We tested the hypothesis that higher discharge heart rate after AMI is related to increased long-term mortality independent of admission heart rate, and assessed whether b blockers modify this relationship.
N umerous studies have documented that an elevated heart rate at the time of hospital admission for acute myocardial infarction (AMI) is an independent predictor of mortality both near and longer-term after hospital discharge. [1] [2] [3] [4] [5] [6] [7] [8] [9] As a result, admission heart rate is included in risk-stratification algorithms for AMI, such as the GRACE (Global Registry of Acute Coronary Events) and Thrombolysis in Myocardial Infarction (TIMI) risk scores. [10] [11] [12] More recent studies of patients with AMI have reported that heart rate at discharge is also associated with higher long-term mortality. 13, 14 Such studies have been limited to European populations and have not formally assessed whether the relationship is independent of admission heart rate. It is well established that b blockers are effective agents for lowering resting heart rate and, in the setting of AMI, for reducing infarct size, recurrent infarction, and long-term mortality. 15, 16 Therefore, b-blocker use during and after AMI is a widely applied performance metric for comparing AMI treatment among hospitals. However, the current measure is a binary assessment as to whether b blockers were used and not whether the use of b blockers achieved a particular target heart rate, a presumed mechanism of the drugs' benefit. 17 As a result, it is important to determine whether the use of bblocker therapy alone confers benefit or if an association between discharge heart rate and long-term mortality after AMI is modified by treatment with b blockers. To address current information gaps surrounding this question, we sought to determine whether discharge heart rate predicts mortality after AMI in a more racially heterogeneous US population after accounting for clinical covariates, including admission heart rate, as well as socioeconomic and psychosocial factors. We also examined the associations with mortality for discharge and admission heart rate separately for comparative purposes. In addition, we explicitly evaluated whether the long-term prognosis of patients with elevated discharge heart rate is modified by b-blocker therapy.
Methods
The data that support the findings of this study are available from the principal investigator of the PREMIER (Prospective Registry Evaluating Myocardial Infarction: Events and Recovery) and TRIUMPH (Transitional Research Investigating Underlying Disparities in Myocardial Infarction Patients' Health Status) registries, John A. Spertus (spertusj@umkc.edu), on reasonable request.
Study Population
We performed our analyses in combined data from the PREMIER and the TRIUMPH prospective registries. PREMIER included 2498 consecutive patients hospitalized with AMI in 19 19 To be eligible for inclusion, patients needed to be ≥18 years, to have elevated biomarkers (troponin or creatine kinase-MB), supporting evidence of AMI (prolonged ischemic signs/symptoms, electrocardiographic ST changes), and to present at the enrolling institution or transfer thereto within the first 24 hours of symptom onset. Incarcerated patients and patients without a preexisting MI whose elevated cardiac biomarkers were related to a revascularization procedure were excluded. All participants provided written informed consent, and the study protocols were approved by the institutional review board at each participating site. Among 6833 patients enrolled across both registries, 6797 (99%) survived until discharge, and discharge heart rate was available in 6580 (96%) of patients. This high survival rate reflects the studies' focus on patient-centered outcomes, which required patient participation in detailed interviews after AMI admission. 18, 19 After excluding outlier values for discharge heart rate (namely, <35 and >150 beats per minute [bpm]), 6576 patients were available for inclusion in the present analysis.
Variables
Baseline data were collected through chart abstraction and standardized interviews by trained hospital research staff between 24 and 72 hours after AMI admission. Admission heart rate was defined as the first available heart rate from the initial patient encounter, whereas discharge heart rate was defined as the last heart rate measure available in the 24 hours before discharge. In addition, extensive clinical and nonclinical information was collected on each patient, including demographics (age, sex, and race), socioeconomic factors (marital status, education, access to health insurance, and employment status), psychosocial factors (social support and Patient Health Questionnaire 9 for Depression), and clinical variables (body mass index, hypertension, diabetes mellitus, hypercholesterolemia, smoking, family history of coronary artery disease, prior AMI, prior angina, prior coronary artery bypass grafting or percutaneous coronary intervention [PCI] , chronic heart failure, peripheral arterial disease, prior stroke, chronic renal failure, chronic lung disease, nonskin cancer, and history of depression or current treatment for depression). Data were also obtained on AMI subtype (ST-segment-
Clinical Perspective
What Is New?
• After acute myocardial infarction (AMI), this is the first study in a racially diverse US population (1) to demonstrate that discharge heart rate is independently associated with longterm mortality after adjustment for psychosocial, socioeconomic, and healthcare quality variables, as well as standard demographic and clinical variables; (2) to show that this association is both independent and stronger than admission heart rate; and (3) to document that this relationship is modified by b-blocker treatment, such that patients leaving the hospital without receiving b blockers have a much higher risk of mortality than those who receive b blockers.
What Are the Clinical Implications?
• Although additional investigations are required, these findings suggest that discharge heart rate could improve risk stratification over admission heart rate, a measure included in available risk-prediction indexes for shorter-term mortality after AMI.
• The documented effect modification by b-blocker treatment suggests that post-AMI patients leaving the hospital with higher heart rates (≥80 beats per minute and, especially, ≥90 beats per minute) may require closer follow-up, and underscores the importance of maximizing use of these medications after AMI.
• Whether the use of other heart rate-lowering medications or intensifying b-blocker therapy to achieve lower heart rate targets could modify the observed association between discharge heart rate and mortality after AMI merits further study. 
Outcome
The primary outcome of mortality was defined as death from any cause over the 3-year follow-up period and was determined by matching patients' social security numbers, names, and dates of birth with the National Death Index.
Statistical Analysis
Patients' discharge heart rate was evaluated as a continuous variable and also divided into 5 groups: group 1, <60 bpm (n=749); group 2, 60 to <70 bpm (n=1985); group 3, 70 to <80 bpm (n=1998); group 4, 80 to <90 bpm (n=1239); and group 5, ≥90 bpm (n=605). (There were too few participants [n=164] with discharge heart rate ≥100 bpm for separate categorization.) The same approach was used for admission heart rate, which was assessed for comparative purposes and as a covariate. The correlation between discharge and admission heart rates was determined by their Pearson correlation coefficient. Baseline characteristics were compared using v 2 tests for categorical variables and 1-way analysis of variance for continuous variables. The functional form of the association between continuous heart rate on admission or discharge and all-cause mortality was assessed with unadjusted cubic splines; because these were consistent with linear relationships for both discharge and admission heart rate, continuous heart rate values were the primary exposure measure, whereas heart rate categories were presented secondarily for descriptive purposes. A sitestratified multivariable Cox proportional hazards model was then developed to determine if discharge heart rate was independently associated with 3-year mortality after adjusting for possible confounders. Model covariates were selected on the basis of biological mechanisms and known associations. These included age, sex, and race; body mass index, hypertension, diabetes mellitus, hypercholesterolemia, and smoking status; documented cancer, congestive heart failure, peripheral arterial disease, and prior stroke; patient-reported socioeconomic and psychosocial factors (depressive symptoms, self-report of monthly financial situation, avoidance of health care attributable to costs, absence of health insurance, graduation from high school, and marital status); admission heart rate; log-transformed glucose, hematocrit, and estimated glomerular filtration rate; index STEMI, LV systolic function, Killip class, PCI during hospitalization, coronary artery bypass grafting during hospitalization, and in-hospital atrial fibrillation; provision of discharge instructions on smoking cessation; and discharge medications, including aspirin, b blockers, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, statins, and thienopyridines. The magnitude of the regression coefficients for discharge and admission heart rate was compared using a Wald test.
To assess whether the relationship of discharge heart rate with mortality varied in the presence and absence of b-blocker therapy, we added a first-order interaction term for discharge heart rate and b-blocker use. We also tested for effect modification by age, sex, race, type of AMI (STEMI versus non-STEMI), LV dysfunction, and chronic lung disease through inclusion of corresponding interaction terms. In an additional exploratory analysis, we tested for 3-way interaction between discharge heart rate, b-blocker therapy, and LV dysfunction.
Approximately 22% of patients had any missing covariate data (the highest missing proportion for any single variable was for depression at 5.2%). Missing covariate data were modest, but were imputed using IVEWARE. 20 All other analyses were performed with SAS, version 9.4 (SAS Institute, Cary, NC), and R, version 3.4.1. All analyses were prespecified, and a 2-sided P<0.05 was considered statistically significant.
Results

Baseline Characteristics
Among 6576 patients with AMI, the mean age was 60AE13 years, 33% were women, and 24% were of black race. Table 1 describes the baseline characteristics of the study cohort across the 5 discharge heart rate groups. Compared with patients with lower discharge heart rates, patients with higher discharge heart rates were younger, were more often women, and were less likely to have a history of smoking; however, they had a higher body mass index, higher frequencies of diabetes mellitus, chronic lung disease, congestive heart failure, and elevated depressive-symptom scores, and a worse self-reported monthly financial situation. Patients with higher discharge heart rates more commonly had a higher admission heart rate, but lower admission systolic blood pressure, as well as lower discharge systolic blood pressure but higher discharge diastolic blood pressure. They also exhibited higher Killip class and initial glucose levels, and were more likely to have multivessel disease and moderate or severe LV systolic dysfunction, but had lower hematocrit at discharge. During their hospitalization, patients with a higher discharge heart rate were less likely to undergo PCI and more likely to receive coronary artery bypass grafting than low-discharge heart rate patients. They also had a higher frequency of atrial fibrillation or flutter. At discharge, patients in the higher discharge heart rate groups were less likely to be treated with angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, b blockers, statins, thienopyridines, statins, and sotalol, but were more likely to be treated with diuretics, nondihydropyridine calciumchannel blockers, and warfarin.
Unadjusted Association of Discharge Heart Rate With Mortality
Kaplan-Meier plots for survival, according to discharge and admission heart rate groups, are shown in Figure 1A and 1B, respectively. These show clear separation of the curves for all groups, except group 1 and group 2 for discharge heart rate and group 2 and group 3 for admission heart rate. Unadjusted cubic splines, however, suggested a linear relationship for discharge and admission heart rates, each with all-cause mortality. The correlation between admission and discharge heart rates was modest (r=0.28).
Multivariable Analysis
After adjustment for potential confounders, discharge heart rate remained significantly associated with all-cause mortality (HR=1.15 per 10-bpm increment; 95% CI=1.09-1.22 per 10-bpm increment). As shown in Figure 2 , this was not materially influenced by additional adjustment for admission heart rate. Specifically, after such adjustment, discharge heart rate was associated with a 14% (95% CI, 7%-21%) increased risk of Figure 1 . Kaplan-Meier analysis of 3-year all-cause mortality by discharge heart rate (A) and admission heart rate (B). mortality for every 10-bpm increment in discharge heart rate. As also presented in Figure 2 , the association for admission heart rate with mortality was also significant in this model, with a 5% (95% CI, 2%-9%) increased risk for every 10-bpm increment. The magnitude of the association for discharge heart rate was significantly greater than for admission heart rate (P=0.043). When assessed as 5 categories of heart rates, patients with a discharge heart rate of 80 to 89 bpm (group 4) and ≥90 bpm (group 5) had 41% (95% CI, 7%-87%) and 50% (95% CI, 10%-105%) increased risks of long-term mortality in comparison to patients with a discharge heart rate <60 bpm (group 1). In the case of admission heart rate in the same model, significant associations were seen for all heart rate categories compared with heart rate <60 bpm (group 1) (Figure 2 ).
Discharge Heart Rate and b-Blocker Use
Compared with the 33.4% of patients admitted on b blockers, 89.3% were discharged on b-blocker therapy. By contrast, the proportions of participants receiving nondihydropyridine calcium-channel blockers on admission and discharge were 2.3% and 2.5%, respectively. As shown in Table 2 , patients discharged without b-blocker therapy differed in several respects from those who received such therapy at discharge. In particular, patients not discharged on b blockers were more often black, with a lower body mass index, but with more frequent histories of smoking, chronic lung disease, and congestive heart failure, compared with those discharged on b blockers. Patients not receiving b blockers were less educated and less frequently married, reported a more adverse monthly financial situation, and had more frequent depression relative to their counterparts who received b blockers. Among those not prescribed b blockers at discharge, the index event was less often a STEMI, there was a lower frequency of critical coronary artery stenosis, and there were lower levels of both initial and final systolic blood pressure, initial glucose, and final hematocrit. In comparison to patients who were discharged on b-blockers, patients who were not discharged on those medications less commonly underwent PCI for the index event, but more frequently had inhospital atrial fibrillation or flutter. Patients off b blockers at discharge were also less frequently discharged on aspirin, thienopyridines, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, and statins, and less often received discharge instructions on smoking cessation, but were more often discharged on amiodarone.
The relationship between discharge heart rate and mortality differed by whether patients were treated with b blockers at discharge (P for interaction=0.004). Findings were similar whether admission heart rate was included for adjustment in the model. In the fully adjusted model including admission heart rate, the adjusted association between discharge heart rate and mortality was markedly stronger among those not discharged on b blockers (35% greater risk per 10-bpm increment [95% CI, 19%-53% greater risk per 10-bpm increment]) compared with those who were discharged on b blockers (10% greater risk per 10-bpm increment [95% CI, 3%-17% greater risk per 10-bpm increment]) ( Figure 3) . As an illustration, patients with a discharge heart rate ≥90 bpm and not on a b blocker had a 285% (95% CI, 67%-788%) higher mortality risk compared with untreated patients with a discharge heart rate <60 bpm, whereas patients with a discharge heart rate ≥90 bpm who were treated with a b blocker had only a 78% (95% CI, 29%-146%) increased mortality risk compared with untreated patients with a discharge heart rate <60 bpm (Figure 3 ). This was independent of admission heart rate, which was itself also significantly associated with mortality in the same model (6% greater risk per 10-bpm increment [95% CI, 2%-10% greater risk per 10-bpm increment]). In addition, there was no evidence of effect modification of discharge heart rate's association with mortality by other factors, including age, sex, race, type of AMI, LV dysfunction, or chronic lung disease (all P≥0.079). Nor was there evidence of a differential impact of b blockers in those with and without LV dysfunction in a followup exploratory analysis of 3-way interaction (P=0.771).
Discussion
In this large sample of patients with AMI from 2 national registries, we found that discharge heart rate was significantly associated with all-cause mortality after 3 years of follow-up, independent of a broad array of potential confounders. This association was both independent of, and stronger than, admission heart rate, which itself was independently related to mortality. The relationship between discharge heart rate and all-cause death was modified by b-blocker treatment at discharge, such that the risk of mortality with higher discharge heart rate was markedly greater for patients who left the hospital without receiving a b-blocker than those who did receive a b-blocker.
The association between elevated heart rate on admission and outcome in the setting of AMI has been recognized for decades 1, 2, [6] [7] [8] and incorporated into numerous risk-stratification schemes, including the GRACE and TIMI risk scores. 11, 12 Fewer investigators have examined the association of discharge heart rate, a potentially modifiable therapeutic target, with post-AMI outcomes. In studies predating the contemporary era of primary or early PCI for AMI, Hjalmarson et al observed that discharge heart rate was an independent predictor of 1-year total mortality after MI, 6 an association confirmed by Zuanetti et al, who documented a progressive increase in 6-month mortality at higher discharge heart rate Critically diseased vessels, n (%) <0.001
Continued values in a separate cohort. 8 Only a third of patients in these studies received b blockers, however, levels well below those seen in modern practice, nor were other current guidelinedirected medical therapies, such as statins, angiotensinconverting enzyme inhibitors, or coronary revascularization, as widely used. Two European studies have since documented associations between elevated discharge heart rate and increased mortality in contemporary practice, characterized by primary revascularization and widespread b-blocker use. 13, 14 Among 1453 patients with STEMI treated with primary PCI, Antoni et al found higher discharge heart rate to be associated with higher all-cause and cardiovascular mortality at followup of up to 4 years. 13 The number of deaths was modest, however, precluding extensive adjustment for covariates, including admission heart rate. Similarly, in a separate study of 3079 patients discharged alive after AMI, most of whom had undergone revascularization, Seronde et al documented a significant positive relationship between discharge heart rate and 1-or 5-year mortality. 14 There was evidence of effect modification by LV function, wherein the increased risk was only observed in the subset with depressed LV function, but not by use of b blockade. No concurrent adjustment for admission heart rate was reported. Given prior studies showing an association between admission heart rate and long-term mortality after AMI, it remains unclear to what extent the findings for discharge heart rate in these studies were a surrogate for admission heart rate. The present study is, to our knowledge, the largest to date to evaluate the association of discharge heart rate with mortality after AMI. It is also the first to do so in a racially diverse US population, and to account for a range of psychosocial, socioeconomic, and healthcare quality measures in addition to the demographic and clinical covariates considered in previous studies. As such, the current study further illuminates the relationship between discharge heart rate after MI and long-term mortality. In fact, we found that the relationship between continuous heart rate at discharge and long-term mortality was independent and significantly stronger than the corresponding association for continuous heart rate on admission, starting with heart rates <60 bpm. Moreover, the current study newly highlights the presence of important effect modification of this association by b-blocker use, although not by LV dysfunction, as previously reported by Seronde et al. 14 Although differences in study populations, practice patterns, and health systems could account for the different findings between the 2 studies, the larger sample size of the present investigation does afford more stable risk estimates in subgroups and greater power to evaluate effect modification, which may explain differences in the results.
That the final in-hospital heart rate emerged as a stronger risk factor for 3-year mortality than admission heart rate among patients with AMI is unsurprising because this measure of autonomic tone and (patho)physiologic stress 21 reflects the clinical evolution and impact of treatment of the index event throughout the hospitalization for those surviving to discharge. As with admission heart rate, higher discharge heart rate in this observational study was associated with adverse sociodemographic, psychosocial, clinical, and carerelated characteristics, and residual confounding could explain the associations observed. Hence, although it is not possible herein to determine to what extent discharge heart rate is acting as a risk factor as opposed to a risk marker, the fact that discharge heart rate was robustly associated with mortality despite extensive adjustment supports the value of this readily obtained parameter for risk stratification. Indeed, our findings suggest discharge heart rate as a better measure than admission heart rate for risk stratification after AMI, although incremental performance of discharge heart rate relative to validated risk prediction instruments for short-term outcomes, such as the GRACE score for acute coronary syndromes 22 or the TIMI risk score for STEMI, 12 will require investigation in larger registries with sufficient numbers of events at the 6-month or 30-day time frame. Stratified analyses by b-blocker use attest to the pronounced increase in risk with higher discharge heart rate for those not receiving this guideline-directed medical therapy, while showing that a significant association of discharge heart rate with higher mortality persists, albeit in attenuated form, for those receiving b blockade. The accentuated risk gradient for discharge heart rate among those not treated with b blockers occurred in the context of a higher proportion of blacks, more common history of smoking, greater psychosocial and economic adversity, and lower associated use of other guideline-directed interventions in this group compared with those treated with b blockers. In comparison to b-blocker users, nonusers also exhibited increased noncardiac comorbidities (namely, chronic lung disease and anemia), as well as more severe cardiac disease, including heart failure and associated atrial dysrhythmias. Although we undertook extensive adjustment for these sociodemographic, psychosocial, and clinical factors, residual confounding by such factors, or confounding by unmeasured factors, may have contributed to the steeper association seen in b-blocker untreated versus treated patients. Still, these findings support the importance of b-blocker treatment and other guidelinedirected medical therapies after AMI in those without contraindications.
Of relevance in the context of the current findings is the drug ivabradine, which acts to slow heart rate by blocking the funny current at the sinoatrial node. 23 This medication has been documented to reduce cardiovascular events in stable Figure 3 . Forest plot showing interaction between discharge heart rate and b-blocker (BBLK) therapy at discharge. Models adjusted for covariates in Figure 2 . Bpm indicates beats per minute; HR, hazard ratio patients with reduced LV function, with heart failure symptoms, and in sinus rhythm with a heart rate ≥70 bpm, 23 and is approved for this indication. 24 Many patients in the current study, whether on or off b-blocker therapy, but with contraindications to nondihydropyridine calcium-channel blockers, would meet eligibility for treatment with this medication. Notably, more patients with a history of heart failure and, marginally, reduced LV function did not receive b blockers at discharge; to the extent that this may have been attributable to concerns about relative hypotension, ivabradine does offer a potential alternative that does not lower blood pressure. Whether use of ivabradine or nondihydropyridine calcium-channel blockers in eligible patients could modify the association between discharge heart rate and mortality or the steeper gradient in those not receiving b blockers observed herein is unknown. But experimental and clinical data showing favorable effects of ivabradine-induced heart rate lowering on LV remodeling and arterial compliance 21 support the role of discharge heart rate not just as a marker but as a modifiable risk factor in such patients. These considerations apply as well to patients receiving b-blocker therapy, in whom discharge heart rate is likewise both risk marker and, at least partly, modifiable risk factor for adverse post-AMI outcome. The attenuated association observed between discharge heart rate and mortality among those on b blockade is consistent with this concept. The relationship observed in the b-blocker-treated group is also compatible with a prior meta-regression analysis of randomized trials of b-blocker therapy in AMI, which reported that treatment benefit was related to the magnitude of resting heart rate reduction. 17 Our results in patients with AMI, on and off b blockers alike, suggest that heart rate lowering, as tolerated by blood pressure, should be optimized before discharge, and that patients with discharge heart rates ≥80 bpm and, especially, ≥90 bpm require particular attention and close postdischarge follow-up. Whether performance assessments should incorporate a specific heart rate target, particularly among those receiving b-blockers, emerges as a more complicated issue given the influence of attendant psychosocial factors and comorbidities on heart rate documented herein, but merits additional investigation in light of these and earlier findings.
13,14
When interpreting our findings, it is important to consider several potential limitations of this study. The findings reflect practice patterns from 2003 to 2008, and may not be fully generalizable to contemporary practice. We examined the effect of discharge heart rate, a single measure at 1 time point, on outcome over 3 years, and one could argue that this single measure may not be representative of patients' postdischarge heart rates. Although serial outpatient heart rate data might have shed further light on the consistency of the elevated heart rate over time, these data were not available. Nonetheless, heart rate at discharge is a readily measured parameter and our observed association with long-term mortality can be helpful in identifying higherrisk patients in clinical practice. In addition, we did not examine dose-response of b blockers in relation to discharge heart rate or the specific b blocker used. This was beyond the scope of this observational study, in which type and dose of b blocker used varied by site and according to physician preference, making corresponding interpretation complicated. Furthermore, it is not possible to define whether the greater risk in patients not on a b blocker reflects a selection bias in that those not treated are sicker and the impact of elevated heart rate is more pronounced because of patients' underlying health, as opposed to a modification of this risk with b blockers. Finally, as with all observational data, we cannot exclude residual confounding, despite having performed extensive multivariable adjustment for clinical, as well as socioeconomic and psychological, factors.
The current study in 2 large multicenter US registries of racially heterogeneous patients shows that discharge heart rate was positively associated with 3-year all-cause mortality among AMI survivors, an association that was stronger than for admission heart rate. The association between discharge heart rate and death was modified by use of b blockers, such that a steeper mortality risk was observed for patients who were not treated with these guideline-recommended medications. These findings highlight the importance of discharge heart rate as risk marker and risk factor for mortality after AMI, and support the role of b-blocker treatment after AMI in modifying this risk. Whether treating to lower heart rates, or whether other heart rate-lowering medications could also modify the adverse prognosis associated with discharge heart rate, warrants further investigation.
